By comparing the mitochondrial 15S rRNA sequences of four wildtype yeast strains together with their respective secondary structures, with those of the 16S-like ribosomal RNA from other organisms we detected two optional and two invariant AT-clusters. The origin of these clusters is discussed with respect to their roles as possible mobile elements.
INTRODUCTION
The mitochondrial genome of the yeast S. cerevisiae is composed of A+T rich spacer regions (about 95 % AT) representing approximately 50 % of the genome. About 10 % of the genome exhibits regions of very high GC content (approx. 60 %) and these are designated GC-clusters (1) . These GC-clusters are optional and regarded as mobile elements (2, 3) .
It is not easy to verify, whether AT-rich clusters behave like GC-clusters since in AT-rich spacer regions they may be hidden in the AT-rich spacer sequences thus impeding their detec-*• tion. On the other hand, cluster insertions in sequences with moderate GC-content can not be tolerated because they occur frequently in coding regions. By comparing the 15S rRNA gene sequence of different wildtype yeast strains we found two optional AT-cluster insertions of 16 bp length present in three yeast strains, but absent in one. One cluster sequence (5'... JVATTATATATAA 111 T....3') is identical in two strains, KL14-4A and 777-3A, while the third strain D273-10B/A21 carries the 'mirror copy' of the latter cluster (5' TTAATATATATTAAAA...3'). Two other invariant AT-cluster insertions were also detected in the 15S rRNA gene when its secondary structure was compared with that of the 16S rRNA of E. coli. These AT-clusters remain in the mature 15S rRNA without disturbing its function.
' MATERIALS AND METHODS
Strains. The genotypes and origin of the strains 777-3A and KL14-4A are described (see ref. 4 and 5).
Isolation of mitochondrial DNA. Yeast cells were grown at 30°C to early stationary phase in a medium containing 4 % glucose and 1 % yeast extract. Mitochondria were prepared from proto-< plasts, which were obtained by treatment of the cells with zymolyase 20.000 (Seikagaku Kogyo, Japan). DNA was extracted with 0.5 % SDS and purified by centrifugation in CsCl gradients. DNA sequencing. A 2 kb HpaH (B6hringer, Mannheim) restriction fragment, previously shown to contain the mitochondrial 15S rRNA gene (Southern analysis according to Maniatis et al. (6) ), was cloned into pUC19 and digested with Sau3AI and TaqI (Bflhringer, Mannheim). Restriction fragments were isolated and cloned into phage M13 derivate mp9 according to Messing et al. (7) . Sequencing was performed by the dideoxy chain termination method (8, 9) . SI mapping. SI mapping for intron detection: A 2 kb Hpall fragment from strain TTl-'iA which contains the whole 15S rRNA gene was used as DNA probe. This fragment was hybridized with total mitochondrial RNA and digested with SI nuclease as described by Li et al. (10) . SI mapping of the 5' end of the 15S rRNA gene: The same procedure as above was performed; the ot^-ATP labeled 370 base Hinfl/Hpall fragment was used as hybridization probe.
RESULTS
The DNA sequence of the 15S rRNA gene of strains 777-3A and KL14-4A.
The DNA sequence of these strains was determined as described in materials and methods (shown for strain 777-3A in fig. 1 ). The 5' ends were determined by SI mapping (data not shown). The DNA sequences of the 15S rRNA of the other two yeast strains D273-10B/A21 and MH41-7B have been determined previously (10, 11) . Since only an approximate secondary structure model was formed (see ref. 11), a refined one was established on the basis of the E. coli 16S rRNA model (12, fig. 2 ). Unusual sequence polymorphism between four veast strains: optional AT-clusters.
As shown in fig. 2 the strains KL14-4A and 777-3A differ at three positions in the 15S rRNA gene. One double base pair and 15 single base pair exchanges can be detected in strains 777-3A, KL14-4A, D273-10B/A21 and MH41-7B (data not shown). Besides these base pair exchanges two major insertions are found. The first one is an optional GC-cluster at position 442 (according to the numbering of strain 777-3A, Eg. 1) in the strains D273-10B/A21 and MH41-7B (10, 11) . This cluster is absent in strains 777-3A and KL14-4A. The sequence was determined as described in materials and methods.
with the 16S rRNA structure of E. coli ( fig. 3 ) a feature which has also been shown for other 16S-like ribosomal RNAs (13) .
In comparison with the secondary structures of E. coli and S. cerevisiae. two other AT-cluster insertions (ATCL3, ATCL4, Eg. 3) can be observed. These insertions, containing inverted repeats, are present in all investigated yeast strains, but are absent in E. coli 16S rRNA. ATCL3 is an insertion of 140 bp composed of 94 % AT bases. Like the insertion site of ATCLl/2 in a region previously shown to be variable in prokaryotes and eukaryotes (= variable region V7, see The folding was performed on the basis of the E, coli secondary structure model (12) . Differences between strains 777-3A and KL14-4A are indicated by arrows. 5 ). Each pair of the inverted sequences is separated by more than 70 bp of unrelated sequence. Thus it is possible that more than one AT-duster (ATCL3a, b) was integrated in this region to create ATCL3.
The other duster ATCL4 of 27 bp length is integrated in a loop structure of the 16S-like ribosomal RNAs at position 1344-1370 ( fig. 2 ) which has, so far, been shown to be non-variant (13) .
The inverted repeat of ATCL4 shows significant homology with that of ATCL2 ( fig. 6 ).
SI mapping
SI mapping revealed that the 15S rRNA gene of strains 777-3A and KL14-4A possesses no introns; therefore ATCLl, ATCL3 and ATCL4 remain in the mature 15S rRNA (data not shown). The same result was obtained for ATCL2 in strain D273-10B (10). The nature of the AT-clusters is similar to that of the GC-dusters which are optional and show no intron-like character (10, 14) .
DISCUSSION
The possible origin of the ATCLs in the 15S rRNA gene Two mechanisms for AT-cluster insertions can be thought of: 1.) DNA polymerase makes mistakes during replication This was also discussed for the generation of AT-spacer sequences (15) . This 'slipped replication' mechanism could create the direct repeat ATCLl found in strains 777-3A and KL14-4A; however, such a mechanism requires that the three base pairs (AAT) between the repeats must be made de novo. The generation of the other ATCLs cannot be explained by the 'slipped replication' mechanism because no direct repeat sequences are present.
2.) Transposition
There are some hints which would suggest that the 16 bp insertions are possible mobile elements: a) Fourteen of the 16 base pairs inserted are capable of forming a hairpin structure similar to the optional GC-cluster in the 15S rRNA gene; the latter cluster can be regarded as a mobile element. Its insertion site is within a stem structure of the 15S rRNA ( fig. 3A ). As mentioned above this duster is present in the strains MH41-7B and D273-10B/A21. If the sequences of these strains are compared to those which do not contain this cluster, e.g. the sequences of 777-3A and KL14-4A, a T-residue is missing at the insertion site. It is replaced by a sequence of 38 bp length (73 % GC) which can also form a hairpin structure. The stem region of the 15S rRNA containing the insertion is shown in fig. 7 . b) Two related sequences, ATCLl and ATCL2, are present at the identical position in the respective 15S rRNA genes of different yeast strains. c) Neither insertion ATCLl nor insertion ATCL2 is observed in strain MH41-7B. Although the structural feature of direct repeats flanking the inserted sequence, which is found in mobile elements is missing, it is possible that these sequences were altered during evolution. Thus ATCLs may integrate by transposition at different positions in the mt.genome. This hypothesis, however cannot be proven experimentally at the moment. Assuming that the clusters are possible mobile elements, reasons for the variation between ATCLl and 2 remain unclear; ATCLl sequences can not derive from the ATCL2 sequence, and vice versa, due to the strict polarity conservation implicit in replication and recombination. ATCLs in other parts of the veast mt.genome
We examined the possibility of ATCLs as being mobile elements which could insert in other parts of the yeast mt. genome. This was done with the help of the UWGCG FIND programme (Univ. of Wisconsin Genetics Computer Group). 92 % of the total mt.genome sequences are recorded and half of those known as AT spacers have a GC content lower than 5 % (16, 17) . However, no identical copy of ATCLl, 2, 3 or 4 was found at any other location on the mt.genome. 9 ATCLl and 7 ATCL2 sequences are present which show one mismatch per sequence. However their frequency still shows random occurance for a 16 bp AT sequence in AT spacers of approx. 30 kb length. The minor presence of ATCLl and ATCL2 in the yeast mt.genome could be caused by rapid diversification of the sequences in non-coding regions, which is less probable in the 15S rRNA gene because of functional selection. If so, one should assume that the speculative mobile activity of ATCLs was expressed only in the early evolutionary process of the Saccharomvces cerevisiae mitochondrion. This 'mobile' stage is probably identical to the period when the AT spacer sequences and GC clusters were thought to expand from 'unique' sequences (15) .
On the other hand, ATCL3a and b consisting of AAT or AT repeats are present much more frequently than the other ATCLs. As de Zamaroczy and Bernardi show in their detailed analyses on AT spacers (17) , some trinucleotides (ATA.TAT.TAAAAT.TTA and ATT) occur above the statistical average in the AT spacers. Moreover, certain hexanudeotides (AATAATATTATT.TAATAA and TTATTA), carrying identical repeat motifs to ATCL3a, are present at a frequency much higher than expected (17) . Interestingly, like ATCL3a and b, these repeats are not often found paired with their complementary repeats to form palindrome structure, but instead are found at a distance with respect to each other.
Possible function of ATCLs
On the basis of earlier data it is tempting to speculate that the ATCLs possess(ed) some function for the organization and maintenance of the yeast mt.genome.
ATCLs could be sequences required for site-specific recombinations. The yeast mt.genome tends to delete parts of the genome very frequently (usually K^MO" 3 ). These deletions can be such that only some hundred base pairs of the 80 kb mt.genome are retained (18) . In particular cases homologous sequences of ATCLs are located at the excision sites ( fig. 8) . Thus ATCL-like sequences could play an active role in the determination of excision sites, as has been shown previously for other sequences in AT rich sequences (20) .
Finally, we suggest that a possible evolutionary function of ATCLs and analogous sequences, involved their participation in the organization of the primordial mt.genome. During the mitochondrial endosymbiotic process, as it is generally supposed, the primordial mt.genome had to be newly organized to retain distinct sets of genes, e.g. genes for tRNAs, rRNAs and certain proteins of the electron transport complex, in its limited size. ATCLs and analogous sequences may have facilitated this process through their proposed ability to function in recombination and transposition.
